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I INTRODUCTION 



During "././I and V/.VII the possibility of a shortage 
of steel plate caused the U.G. Government to contract for 
ships made from reinforced concrete (l). These ships were 
generally satisfactory for their purpose but acre considered 
to be only temproary in nature because of the limited 
mechanical properties of the reinforced concrete •then 
compared to the requirements for sturdy long lasting marine 
construction. .'fork originally performed by the Italian 
Architect P.L. Nervi and expanded by numerous investigators 
in the past t r vo decades indicates that the structural rec- 
urimen's of marine construction can he approached in Port- 
land cement concrete by the use of closely spaced wire mesh 
and/or chopped wire fiber as- reinforcement. This material 
is commonly called "fer- o-cement" and its use in marine 
construction has been increasing as evidenced by the number 
of boat builders from England to Communist China which are 
involved in constructing marine barges, trawlers and house- 
boats from the material. Ferro-cement has particular applic- 
ation in countries where steel is scarce and labor is an 
excess commodity 

The important mechanical properties required of a material 
for marine construction are: 

1) High tensile, compressive and she r strength. 

2) High fr icture toughness and impact resistance. 
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3) Lo’.r density. 

4 ) Good fatigue and lov creep characteristics. 

5) High modulus of elasticity. 

6) Deterministic and predictable mechanical properties 
The economic and durable properties required of marine 
structural materials are: 

1) Lot; cost. 

2) Easy to fabricate and handle. 

3) Easy to repair. 

4 ) Lott maintenance requirement. 

5) High resistance to corrosion, abrasion and attack 
from the marine environment . 

6) V/at^r proof. 

7) High fire resistance. 

8) Cosmetic appeal. 

Ferro- cement possesses most of the above economic and 
durable properties. In addition, some of these pronerties 
can be altered in the material by the use of additives, 
especially in the ar n as of fire resistance, cosmetic apncol 
and resistance to attack from marine environment. 

Plain Portland cement concrete is veal: in the above 
mechanical crops rti ns and this represents the primary 
limitation on its use in raarine construction. However, the 
addition of closely spaced ire reinforcement in the form 
of mesh or fiber cn increase the above mechanic"'] propertie 
to allowable levels for rrrinc cons Pmc Lion . 
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Ronualdi (9) (10) has sh"cn ho ; v this increases the modulus 
of rupture of Portland cement concrete. This has be^n 
substantiated by other investigators (6) (8) (15) (25). 
fcicXemy (27), Collins (26) o.nd Handel (11) have shovn 
that tensile strength of concrete is increased by closely 
spaced steel reinforcement. Bailey (21) and Sunday (13) 
have shovm that steel fibrous reinforcement enhances the 
fatigue characteristics of Portland cement concrete. 

Ronualdi (17) has also shorni that steel fibrous rein forcemeat 
increases the fracture toughness and resistance to impulsive 
loading of Portland cement concrete. This has been sub- 
stantiated by Williamson (14) (19). Investigators have 
found that mesh reinforcement does not appear to alter the 
compressive strength of Portland cement concrete (25) but 
fibrous reinforcement improves it somewhat (14) (19) . 

These results depend on the method of loading but it is 
obvious that the more random nature of the fibrous reinforce- 
ment mould provide a greator stiffness in all directions 
(22) and thus delay compressive failure of the concrete. 

A recent summary of the engineering properties found by 
various investigators for mesh and fib v ous reinforced 
ferro- cement is contained in reference (28) by the author. 

True t'vo-ph^se behavior of the material has been found 
in most exoerinunt ul work. It would appear from the above 
research th t f crro-c miK nt can be an acceptable rv. lerial 
for m irinr cons brae Lion. From the nrrcticil side, the 
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present level of "boat building activity using the material 
and the number of successful boats points toward more 
widespread future use '"or marine application. The full 
capability of the material h s not been utilized as 
evidenced Lv some of the startling results obtained by 
Collins (25) and Rcmualdi (17). Balancing this, there is 
also a relatively vide scattering of data regarding the 
engineering properties (23). Regardless of these limitat- 
ions, ferro-cenent is being ’’.sed in marine construction 
and some form of approximate design technique is required to 
aid the marine engineer. An esneciallv Teak area is the 
bending of plates since most of the experiment'! data 
available de~ls with th* bending of beans or st nd ard 
experimental tests for determining the material properties. 
Bincc a major portion of marine structures consist of plate 
construction a plate design technique for this material 
with experimental verification wo '.Id be particularly useful. 
This is the purpose of this thesis. 
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11 THI'ORY 



ih^nism of Fracture -in an Eln s to-Pla sti c T.gteria l 
Failure of a material under tensile loading normally 
occurs thrvj.gh propagation of a cm ck through the material 
normal to the axis of loading. A mechanism explaining this 
behavior has been advanced by Griffith (30) using an 
energy balance concept. Griffith postulated that the change 
in total eneray occuring as the result of a crack passing 
through a material is: 

A ./ = AT - AU (1) 

where: A'» - Change in total energy of material 

AT = Change in surface energy 
AU = Change in elastic strain energy 
Griffith calculated the decrease in strain energy due to 
formation of a line crack cf length 2C and of \init thickness 
to be: 

plain strain (2a) 



A U m TT C 2 CT Z (1 - v 2 ) 



AUz . TTC* cr* 



Diane stress 



(2b) 



He calculated the resulting increase in surface energy 
per unit thickness as: 

AT - 4 



(3) 



v/here T = saec.i. r ic surface energy reouired for for- 
mation of a unit area of surf- ce. 



1? 



Griffith’s hypothesis 
propagate unstably if: 



was that the crack would begin to 



d (AW) _ 0 
d c 



(e.g. when the rate of change of incremental strain and 
surface energy chmges were equal). This results in the 
criterion: 



a # = 



_ ttcct' 



Irwin (4) has indicated that a modification to 
Griffith theory should be made to allow for plastic 
in a material prior to fracture. This modification 
take the form: 



(4) 

the 

work 

would 



- H ^_ gr plane stress (5a) 

t* 

p / y . w/ \ _ ttcCT z ( 1- v^) 

d.\ o ^p) - — plane strain (5b) 

Irwin has also developed a theory of rupture by 
considering the stress field in the immediate vicinity 
of the crack tip. His theory mades use of analytical 
stress functions to describe the stress field ahead of 
the crack anc 5 a stress intensity factor (K) to indicate 
the stress at the tip of the crack. The decrease in 

strain energy of the material due to form- tion of a unit 
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crack length is related to the stress intensity factor 



00 by: 

d(AU) TT K Z 

~~7c ' — Z (6) 

Comparison of this equation to the Griffith criterion shows 

that: 

K=crV" _ c~~ (7) 



Irwin defines the strain energy release rate as: 



G = 



_ T T 



K‘ 



Gr — 



_ TT CT c 



( 8 ) 



'./hen the crack becomes unstable, the strain energy release 
rate (C) at this point is designated the critical strain 
energy release rate (G- c ). Irvin suggests that this is a 
property of the material. 



B. Mechanism of Fract ur e In Ferro-Cement 

As developed above it can be seen that a material 
may be made more resistant to fracture by decreasing the 
strain energy release rate below the critical value: 

G < G c 

This can be accomplished by: 

a) Increasing the modulus of elasticity (I). 

b) Reducing the anplied stress (°") . 

c) Reducing the flaw or crack sj ze. 

14 



Unfortunately increasin'- the modulus of elasticity above 
certain .maximum limits is not normally possible in un- 
reinforced Portl and cement concrete. Reduction of the 
applied stress defeats the goal of efficient use of 
material. Reduction of flaw size : s sometimes difficult 
under present production methods and is bounded by the 
naturally oc curing flaws in concrete which are on the 
order of the critical flaw size for tensile stress of 
200-400 psi. Some success has been obtained by iloavenzadeh 
(et al) (24) in increasing the tensile strength of cement 
mortar by addition of strong sand and other aggregate 
causing cracks to detour thus increasing the crack p th. 
Substantial side cracking occurs along the main crack 
thus increasing the crack length and adding to the 
surface energy. This enhances the material toughness and 
increases of un to 10P in tensile strength can be obtained 
in this manner. 

However, fracture toughness and tensile strength of 
the material can also be enhanced if some mechanism could 
be found which would reduce the stress at the flaw tin, 
thereby reducing the stress intensity factor 00 bela that 
which causes the critical strain energy release rate. 

The use of closely soaced discontinuous or continuous 
wire reinforcement c nil d aid in reducing the stress concen- 
tration at the crock tip. Ronauldi and others (0) (10) (]1) 
(17) (10) have done much work in this 

] 5 
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o( = -- crack travel 



Traversing Fiber Reinforced I'.ntrix 



Fj n;urc 1 
16 



mechanism postulated by Roraualdi is that of a line crack 
traversing through a material (fig. (l) ) being stopped 
by the "pinching" action of the shear bond between 
the wire reinforcement and the mortar. The stress (strain) 
ahead of the crack is greater than the average stress 
(strain) in the material and reinforcement. Thus, assuming 
a shear bond exists between mortar and wire, the requirement 
for continuity between mortar and -wire at the bond inter- 
face v/ill cause the -/ire to assume much of the stress or 
essentially cause a "pinching off" of the crack. This 
action reduces the stress intensity factor (K) or strain 
energy release rate (G) below the critic- 1 value (Gc) 
required for unstable propagation of the crack. 

The effect of wire reinforcement continues even when 
the crack has passed by the wire. As the shear bond is 
overcone, irrecoverable work is done either "stripping" 
of the wire out of the mortar or, if the shear bond is 
stronger, necking and ductile fracture of the wire. Thus, 
by this mechanism not only can the strain energy release 
rate (G) be reduced below the critical value (G c ) due 
to reduction of stress at the crack tip, but prevention 
of brittle fracture in the material occurs because of the 
work of wire "stripping" and/or ductile fracture. 

Romualdi h s postulated the following formula for 
the critical strain energy release rate based on the work 
required to initi etc stri ping of the wire from the rorlur: 
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(discontinuous 



v, r ire reinf orcement) 




rr d L <* 

4 



( 9 ) 



where 



- shear bond strength 

<x = ratio of cr ck ”'idth t^ length at gi ven point 



V = average wire spacing 



L - length of v/ire 
<1 = diene ter of v/ire 

He further derived from statistical considerations 
a formula for the average v/ire spacing: 



v 13.6 d 

V 5 



( 10 ) 



where = volume percent of reinforcement. 

Romania! ’ s experiments as well as others (28) h-'ve 
shown that the fracture toughness is a very strong function 
of wire spacing which would tend to bear out his formulation 
of (G- c ). However, much work remains to be done in the area 
of the bond strength and its affect on (G c ). 



0. Bend in a of Pl ates 

As pointed out previously ferro-cement unlike concrete, 
possesses the capability for plastic as well as elastic 
behavior by means of the band between the reinforcing 
material and the mortar. 

Any design technique would necessarily consider both 
phases of this behavior. Because of the orthotro’m c natare 
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oT the material it is also natural to consider numeric' 1 
techniques for use as an accurate design method. .‘/hang 
(29) has developed a finite element computer program for 
the elasto-plas tic analysis of orthotropic plates and 
shells. This program will be used \ 1th input of experi- 
mentally obtained orthotropic properties, to determine its 
feasibility as a design method for el as to -pi as tic plate 
bending of f erro-cement . The computer output v/ill be 
compared with experimental results of three basic forms 
of the material: 

Series A: Continuous wire mesh reinforcement, where it 

is expected that the x and y axes are symmetrical and 
variation of properties occurs in the - direction 45 
degrees to these axes. The approach will 
consider the input of equivalent composite 
properti es . 

Series B: Combination of continuous wire mesh and short 

random fiber reinforcement. 

Series C: Short random fiber reinforcement, where it is 

expected that the material is isotropic in the 
x y plane but orthotropic in the x z and y z 
planes. The approach will consider input of 
composite properties. 

1 • Ortho tr aui c Cons t j tuti. ve Aelntions 

Ferro-cement is basically orthotrooic in nature when 
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considered in the geometry of plates. iith mesh reinforced 
ferro- cement , the layers of mesh are orthotropic in their 
plane thereby creating a three dimensional orthotropic 
material. Iith fibrous reinforced f erro-ccrcnt , the random 
nature of the fibers causes the mat ?rial to approach the 
isotropic condition in the plane of the plate but remain 
orthotropic normal to the plane of the plate. 

Jayne andSuddarth (31) give the constitutive (Hookisn) 
relationships in matrix form for 3-dimensional orthotropic 
materials. These relations imply th-t the specific 
directional properties of the material must be kno7/n in order 
to formulate a design method for such a material. The 
three dimensional ortho tropic constitutive relations are: 
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It should "be noted that those constitutive relations 
apply to a specific material. In this work a combination 
of two materials, steel ana cement mortar, is under 
consideration. The hypothesis is that the combination 
of these n: terials results in a new material which has 
properties that follow the theory of fiberous composites 
(34). As such the material can be treated using the above 
constitutive relations in arriving at a plate bending theory 
and composite properties may be used as input to this 
theory. 

2. Elastic Pl a te Barr i ng 

The basic differenti il eouilibrium conation for rrnre 



bending of plates is 



/*/ 

6S 



, p ■ d 4 w _ 

^dx*d/ + 



( 12 ) 



where: w = displacement normal to plane of plate 

a = loading/unit area 
D - flexural rigidity of plate 
Timoshenko (32) has developed the theory for elastic 
bending of plates and shells of homogeneous isotropic 
material where: 

D = E *' 3 



(13) 



Ik ( i - 



For the general case o r bending of simply supported 
rectangular pi les under a uniform load (q ), Timoshenko 
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obtained the solution: 
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T t‘ D 
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h 2 \2- 
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( 14 ) 



where: ra - odd 

n - odd 

a and b are dimensions of plate sides 
This has been specialized for partial loading for the 
case of a concentrated lo ad (P) at the center of a. square 
plate (fig. 2) as: 



v 



P a 

2.0 rr 3 



y=o 



oO 




m- 1 



( tan h 



m~rr 
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yy\J Tr y^_ 

cosh 1 




iriTTX 
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(15) 



and the maximum deflection reduces to: 

w _ ^ P a* (16) 

E h 3 

>.-o 

where: 0< - solution to the infinite series for x = a/2 
The displacement along the y axis is found by interchang- 
ing x with y in the above expression. 

The bending moments along the x and y axis can be 
found from the curvatures using the basic relations: 
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Squn rc Pl-te Loaded At Conte r 
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and the stresses can be found from the basic flexural 
relations: 






_ 6 t*\* 
h z 



CT - 6 . /A y 
> h* 



(IS) 



The bending moments and stress in the vicinity of a 
concentrated load (fig. 2) are not satisfactory if calcul- 
ated using the above equation. They must be found using 
superposition of moments from bending of a centrally loaded 
rectangular plate and bending of a centrally loaded circular 
plate of radius 2a sin TE£ . 

t r 3. 

The solution for the moment along the x axis of the 
rectangular plate is: 
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( 19 ) 



v/here: v - \Ay 2 + ( x ~ 

& = numerical factor depending on ratio of sides 
of plate. 

The solution for the moments near the center of a centrally 
loaded circular plate is: 



/n x= ^ (1 + v) L W f- 



+ 0 ~ 



Py l 

4rr r x 



( 20 ) 



Assuming the circular plate is of radius 2?. sin 17 /^ > then 

TT 

near the center of the plate the t”'o solutions are identical 

p 

except for the uniform bending term . The solution 

for the mon-nt at the center of a circle of radius (a) 
where P is now uniformly distributed over an area of radius 

(e) is: 
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( 21 ) 



p 

Suuernosing the constant additional moment of X — 

U{ 4rr 

from the rectangular plate the expression for the 
moment at the center of the rectangular plate becomes: 



n = -E_f(n-v) Lt., 

' 4 n- ^ •* we 
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( 22 ) 



The stresses may be found as before from the basic flexural 
Tclatd ons . 
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Slow for anisotropic materials in plane stress such 
as bending of f crro-oement plates the basic differential 
equilibrium equation becomes: 




+ 2 ( Dj "^2. D*y) 
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( 23 ) 



where: 
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Exact solutions have been obtained by Timoshenko for the 
case of a uniformly loaded plate and by Huber (33) for 
concentrated loads in the elastic range. However, since 
the purpose of this paper is to investigate also the plastic 
behavior of the material, numerical methods are better 
suited to carry out the analysis. 

The inclusion o^ membrane stress in the elastic bending 
of plates is described b the following nonlinear differential 
equations: 
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where P is a stress function satisfying the elemental 
equilibrium equations for normal forces (IT) and is 
defined as: 
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(25) 



The general solution to the above equation is not 
known, therefore numerical techniques must be utilized 
to find 77, P and subsequently the normal forces, moments 
and stresses. 



3 . Plas t ic Pl^te Bendj.n 0 : 

Prandtl-Reuss Plastic Plow Rule 

Figure 3 shows the stress strain curve for an elasto 
plastic material. It the onset- of plastic yielding the 



relation between plastic strains end stresses can be 
described by the foil awing plastic flow rule: 
Perfectly pi is tic rc terial 



d £ P = d A Vf 



cJF = Positive constant 

p 

dfc - Incremental Plastic 
strain 



(26) 



\7|- .. Gradient of yield function 
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plastic strain (27) 




cr „ Equivalent stress 



Huber-Mises Yield Criterion 

Using the distortional energy concept of the popular 
Huber-LIises yield criterion the yield function (f) c on he 
expressed as: 



2.f = = (cr,- oi) Z - 



( cr 2 - ) +• ( c r 3 -cr,)‘ 



(23) 



The relation between the equivalent stress and 
plastic str in is the area beneath the plastic 
curve or the plastic work >7p. Thus: 

cj Wp = cr d £ 



incremental 
stress strain 

(29) 



Incremental Stress Strain Relations for Isotropic Material 
Substitution of the yield function (f) into the 
strain hardening flow rule results in the plastic 
incremental stress strain relations for a strain harden- 
ing materi l such as steel. 

c|V/ f = a5Yn 



If we also note that: 



n = i| P 

Z a 



(30) 
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Then the form of the incremental plastic stress strain 
relations become: 



Jf/ = L°i - 



dt; =[s -K 01 ^)] # 



(31) 
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Inc remental Stress Strain Relations for Orthotropic Material 
By introducing parameters of anisotrooy (Aij) as 
coefficients of the various terms of the yield criterion, 
the anisotropic clastic stress strain relations nay be 
obtained through use of the flow rule as before. Thus: 
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The Aij are material dependant and may he obtained from 
tensile tests and she^r tests. 

If the analysis is reduced to plane stress condition 
which is usually assumed in plate bending then the only 
non zero Aij are An, Ai?, A22, AAA since d~ iy = £ JX = cr. - O 
is then assumed. These Aij can then be obtained through 
3 tensile and one shear test. 

The initial values of these parameters are: 





( 33 ) 
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A lt = 1 + 2 A 22 + 3 A„ 



( 



2. CT ytC^O 

rr 6 



2 . 



For a strain hardening material these parameters will 
change as ^ yield, yield vary. 

As has been previously indicated in order to solve 
the plastic behavior of plate bending numerical methods 
are required. There are two basic methods for incremental 
el as to -pi as tic analysis. In the case of simple tension 
they are described as: 

(1) Initial stiffness where the predicted strain 
AU/L for given AP/A is found by using the elastic modulus 
E but varying the initial load A?o/A to approach final 
agreement with the stress strain curve (point 3 Pig. 4) 

A P , A P 0 cr AU (34) 

— + “a" = E ~T~ 

(2) Tangent stiffness where the tangent modulus Eg 
is found and improved upon at e ich iteration to yield the 
strain AU/L that will agree with the stress strain curve 
for a given loading AP/A. 

A P r AU (35) 

— = E t - L 



5 ? 



AP 




AP 




Incremental llncto-Fl r^ic 



maty sis mctrioi 



Sir, pie Tension 



Figure 4 
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77 hang (29) has used these two methods in constructing 
a finite clement iterative technique which solves for 
the stresses, strains, moments .rid displacement of the 
plate surface. The output of the program using the initial 
stiffness approach, will be compared to experimental results. 
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Ill EXPr-'PJi H!TAL PROg?:Tj-JR>, 



A. Plate Ber'fl'iriT 

Three sets of ferro-cenent plate specimens v:ere 
tested incorporating continuous wire mesh reinforcement 
(series A), discontinuous short random fiber reinforcement 
(series C), and a combination of these in equal proportions 
(series B) . Table I shows the specifications for each 
set of plates. All plates v/ere square, 10" on an ed~e 
and .5 — .03' thick. The method of lay up was the same 
for all plates. The fibers were added to the mortar as 
it was being wet mixed in the mixer. The mesh reinforce- 
ment was laid into the form after a thin layer of mortar 
had been placed. Then mortar was placed upon the mesh. 

All specimens were vibrated in the molds 15-30 seconds. 
Bight specimens were made with each batch of mortar. A 
total of sixteen specimens of each plate type were made. 

The forms for initial lay up consisted of a formica back- 
board and 1/2" wooden boundry strips. The forms were oiled 
prior to each use. All plate specimens r, (rc cured under 
water. 

The testing program was designed to compare the load 
deflection curve of the center point of the various pi ate 
types v/hen lo ded with a concentrated lo d at the center. 
Bach plate vrs simply supported on the edges by a risid 
pipe fr'ame and lo ded at th^ center as sho n in Pi sure 
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Steel 

Plate Hei n f o r c en cn t 

Series Ty ne 



•>7/0 C/S 



Cement Aggre- 
/o ,7t . Tvn e gate 



A 4 layers 20.35 I 

4/in. Iv: . 3 
.042 in. di.a. 
woven ad re r.esh 



V/UVt'U WJL 1 U 

( bright) ** 



Ottawa .466 .66 



C-109 

fine 

sand 



B 2 layers 
4/in. K. S 



10.42 



ll 



II 



.042 in. di.a. 
woven v/ire mesh 

3/4" X .016" 10.43 

round H.T.S. 
v/ire fibers 
( bright)* 

C 3/4" X .016" 20.85 

round H.T.S. 
wire fiber 
(bright) 



Cylinder 

Ser2.cs 

I Unreinforced 0.0 

II 3/4" X .016 20.35 



All plate specimens we re cured for 109 days and all cylinder 
specimens were cured for 63 days. 



round H.T.S 
wire fibers 



(bright) 



III 



II 



10.43 



II 



II 



II 



**' Wire mesh UTS = 42,300 psi 



‘.Vi re fiber UTS - 140,000 psi 
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The plates were lorried until ultimate failure of the \n re 
or wire/mortar bond oocured. The deflection of other 
points on the plate surface was measured at the point 
of ultimate bending failure in order to obtain the- relative 
curvature of the plate surface. The center point load 
deflection curve is compared with the results of the 
finite element numerical analysis in the following section. 

B. Hat eri al Pronerti e-s 

For prediction of the plate bending behavior it is 
necessary to obtain certain properties of the material 
to use as input to the computer analysis. For this purpose 
three of the plates in each series were cut with a diamond 
tipped saw into 1" wide strips. These s trios were tested 
in flexure, tension and shear on the Instron universal 
testing machine at a deflection rate of .05"/min. The 
following properties of each series were obtained in the 
x, y, and 45° directions: 

Tensile yield stress 
Flexural yield stress 
Youngs modulus P 
Plastic Hodulus Pp 
Shear yield stress 2-y 

Poissons r .tio ( ^ ) was assumed to be tint of cement mortar 
reported in the literature (v = 0.?). The shc-’r modulus 
(G) was assumed to obey the relation: 
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Method of Plate Loading 
Figure 5 

p 



I 




Flexure Test Apparatus 

Fjgure 6 
3'1 



G 



E 

ZU + v) 



( 36 ) 



The flexure test was conducted on the Instron testing 
machine and employed 4 point bending of the s pecimens as 
shown in figure 6. The flexural yield stress was 
calculated by: 

cm = 3. h 

4-Z ( 37 ) 

where: a " distance between outer and inner supports. 




Py = load at yield 
h = specimen thickness 
b = specimen width 

The yield point was taken as the first marked deviation 
from linearity on the load deflection curve, (figure 24) 

The Young's modulus was calculated from the end defiction 
formula for 4 point bending: 

E = Pcv z fc& + 31) _ ( 33 ) 

6 16 

where: 1 = distnnce between inner supports 

& = deflection at end (out r r) load point 
The plastic modulus wn s calculated using the same formula 
but inserting the c'rn'n in deflection for corresponding 
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change in lo^d after yirld up to ultimate stress. This 
assumes constant moment of inertia (I) in the plastic 
region which causes this to be an apnroximation at best. 

The tensile tests mere also conducted using the 
Instron testing machine (fig. 7). The test specimens were 
prepared for the testing machine grips by expoxy bonding 
(Hysol-IG) 2" lengths of thin steel shin stock (l/64" 
thickness) to the sample in the area of the grip contact. 
Tensile yield stress was calculated by: 




where the yield point is again taken as the first marked 
deviation from linearity on the load strain curve. The 
Young's modulus was obtained by using the strain output 
from an extensions ter attached to the specimen (figure 7): 



E 



op 

b 



(40) 



where: (y - extensions ter strain 

The plastic modulus was obtained by using incremental 
values of stress and strain ”bove the yield point "long 
the line connecting the yield stress and ultima ic stress. 

The shear tests were also conducted using the Instron 
testing meahine. The shear s s.pl c was loaded as shown 
in figure 3. This form of loading causes so r, .e compressive 
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To Instron 




Tensile Test Apparatus 



Figure 7 



i 



Specimen 



^1 h k' 

v\ mm KT T 



\ 



H h k* 

rrm ft\TYV\t i j 



w 



- prrrrfnr 



MW 



J 

I 

K 



i 




b 




Cross hatched 
areas are clan 
supports 



Shear Test Apparatus 
Figure 0 



and bending forces to enter the results. Shear yield stres 
was c al c ul at ed as : 




_Py_ 
2 bh 



( 41 ) 



where: b - thickness of specimen 

h = height of specimen 

The yield point in the above tests was easy to determine 
because in all cases there was an abrupt change in the 
Slope of the lo ad deflection curve when the first slip 
of reinforcement and micro crocking of matrix occured. 

Compressive tests vere performed on unreinforced end 



reinforced cement mort Q .r cylinders to determine the 
variation of compressive yield strength and the compress- 
ive Young's modulus for various volume fractions of short 
random fiber reinforcement. The compressive modulus for 
mesh reinforced mortar was not obtained. The effect of 
the mesh on mortar compressive strength has b^en found 
to be negligible (25) when lo-ded in the plane of the mesh 
reinforcement. The Young's modulus in compression and, ten- 
sion were compared for the short random fiber reinfor cement 
The test was conducted according to ASTL: 1-469-^5 for 
determination of Young's modulus of concrete, except thwt 
smaller sise cylinders (2" x 4") were used. The yield 
point in these tests was t' ken at .10 2 offset strain and 
the Young's modulus was calculated on the b~sis of the 
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secant slope to this yield point 
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iv 5xp t :riK' ?;?\l results 

Table II summarizes the significant experimental 
results contained in Appendix I, figures 9 through 21 
show graphically the trends in material properties and 
plate bending data for the various material types. 

Again it is emphasized that th c se properties are equivalent 
properties which apply to the behavior of the composite 
material. In general, the results indicate tha.t inclusion 
of short random fiber reinforcement in cement mortar*. 

a) Increases the modulus of elasticity. 

b) Increases the ultimate compressive stress. 

c) Increases the plastic work under the 
stress strain curve. 

The inclusion of short random fibers with correspond- 
ing reduction in continuous fiber content in mortar 
reinforced with continuous fibers causes: 

a) An increase of the modulus of elasticity. 

b) A decrease in ultimate tensile stress. 

c) A decrease in tensile yield stress. 

d) An increase in impact energy/- re? . 

e) An increase in the above proaerties on 
an axis 45° to x or y axis. 

f) Little variation od the plastic modulus. 

g) Little variation o f shc-<r yield ctivss. 

Plate bending results indicate th* t inclusion of the 
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T ,BLE II 



SUM' IRY OP EXPIPJL 1 TAL RESULTS 



A. Material Properties 



D irect, Trn-ion T est 





x, y 


Di recti on 


45° to 


x. v -oirection 


Series 


1 


B 


0 


A 


B G 


(psi) 






830 


608 


530 


, 

VJ1 

iD 

CO 


594 530 


(psi x 


10 6 ) 


L> 


2.91 


5.5 


3.77 


3.63 


3.55 5.77 


(psi) 




az 


1460 


1011 


721 


1003 


701 721 


(psi x 


10 6 ) 


h 


.52 


.501 


.4 >9 


.276 


. 47 . 449 










Flex: 


err Tes 


ts 




X , 


v Di 


rectio: 


n 


45° to 


x. v Direction 


Seri rs 


A 


B 


C 


ABO 


(psi) 






2690 


1460 


1560 


1070 


1555 1560 


(psi x 


10G) 


E 


1.39 


1.22 


1.43 


1.73 


1.19 1.45 


(psi) 




OTa 


4340 


3090 


2510 


2730 


2460 2510 


(psi x 


10 6 ) 


^0 


.104 


.193 


.594 


.448 


.362 .594 



Unreinforced Rort^r 

Shear Test I ro? ct T^st Chi v , r Oomression Test 



Series 


2-s (nsi) 


ft-1 b/in 2 


oC 


( nsi) 


A 


1095 


90.5 


3623 




B 


1040 


109.5 


3000 




C 


305 


193.0 


7920 





/ r. 
n J 



Qnlind or On nn r n o o d T s 



Series 


, j Run d o m Pi b e- r 
Con ten t 


C/~ ( osi) 


E (secant .002 offset) 
(ns: x 10°) 


I 


0 .0 


7060 


3.2 


II 


4.75 


8775 


3.33 


III 


2.375 


8060 


3.35 



B. Plate Bending Data 



Series 


Ultimate Bending 
Load _Clh). _ 


Ultimate Per. bran e 
Load (lb) 


Equivalent 
Tbi c’m e ss 


( ETR) 


A 


533 


1725 


.428 


1.0 


B 


316 


1150 


.472 


1.33 


C 


780 


- 


.455 


1.193 



(ETR= Equivalent thickness ratio b'.sed on series A) 
Normalised Plate Surface Defl action it Ultimate Bendins Load 

.lnn r ~ r ? 



Series 


Center 


L 

2_ 




4 


5 , 


Ed^e 


A 


.0305 


.0604 


.0473 


.0277 


.0109 


0 


B 


.146 


.0993 


.0732 


.0535 


.0225 


0 


C 


.1253 


.0387 


.0572 


.0449 


.0259 


0 



Normaliz e d Oerter Po i nt I.oa d-D e flection Curv e. 



Seri e 


3 A 


3 


C 


roa’cT 


Defl action 


r C' 

o 


Jp-fl on 


Lo^d 


>‘efi action 


100 


.0066 


100 


.0604 


100 


.00727 


150 


.00958 


150 


.01035 


3 50 


.01153 


200 


.0135 


200 


.015 


200 


.0157S 


300 


.02505 


300 


.0207 


300 


.0251 


400 


.0401 


400 


« 

o 

viJ 


400 


.0395 


533 


.0305 


500 


.0408 


600 


.0678 
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Nqtt?p 1 1 see'- 0 rn_ f-,r--r Poin t. JiO ^n- rp -h -i Onvye f pony v ~~) ) 



So rips A 


3 


C 


Lo^d 


Dofl oetion 


Lo 'd 


Def! ooto on 


Lone 


pr oi poti on 


300 


.29 


600 


.0674 


730 . 


.1253 


1000 


.417 


816 


.146 






1725 


.374 


1000 


.732 










1150 


.98 
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short random fibers in lieu of continuous "/ire reinforce- 



ment causes: 

a) An increase in ultimate plate bending 
load. 

b) A decrease in ultimate plate membrane 
load after ultimate bending stress. 

c) An increase in plastic work done in 
deforming the plate. 



V DJ 30351011 OP RESULTS 



A. Kateri^l ps i n x r ^ Di .r pp H . nn" 

1 . Tensile S tr ength 

It is expected from the theory of fiberous composites 
(34) that the strength of the specimens -./ill he highly 
dependent upon the shear bond between fiber end matrix 
since the cement mortar matrix in this material does not 
deform plastically to any appreciable extent. The theories 
which have been developed for both continuous and discontin- 
uous fiber reinforced composites where the matrix is 
capable of plastic flow, do not apply in the case of ferro- 
cenent. However Kelly and Davies (34) have advanced a theory 
for determining the critical transfer length of a discon - 
ti n u ous fiber in a purely elastic matrix, based on th^ 
coefficient of friction between fiber and matrix: 




(42) 



where: = UTS of fiber 

= UTS of matrix 
V - Spacing between fibers 
<1 = Diameter of fiber 
% =* Length of fiber 

>y = Coefficient of friction between fiber and matrix 
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At fiber lengths below 1c the strength of the cor.posite is 
dependent upon the shear bond of the fiber matrix inter- 
face and can be given as: 



C r c =ct(i-i4)+i^o Vf 



( 43 ) 



where: Vp = Volume fraction of fibers 

When J? J? c the strength of the composite is dependent 
upon the shear strength of the matrix. This can be given 



as: 



°c =^(i -V f ) i- Of 



y± 



where: £ = Ultimate shear strength of matrix 

In the case of cont i nuous fiber oriented in the 
direction of loading in a nonstrain-hardening elastic 
matrix the strength of the composite is given by: 



°c = <^v f -1-0* (1 _ Vf) 



( 44 ) 



( 45 ) 



where the second term may or may not exist depending on 
whether the matrix is capable of carrying some stress 
( ) at the strain where the fibers reach their 

UTS ( Q'-f ). In most c ses with continuous fiber rein- 
forced fcrro-cmcnt the second term is zero when the fibers 
reach ^ . Using this interpret ■ tion of the above eon lion 
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the ultimate tensile strength of the nesh reinforced 
specimens (series A) should be on the order of: 



The experimental value is 1460 psi. This is lower th^n 
the predicted value because not all of the volume of 
steel is acting in the direction of loading as assumd in 
the theoretical predition. The theoretical value of 
ultimate stress considering only the fibers oriented in 
the direction of load (2.37^) is 1005 psi. This value is 
below that determined experimentally and indicates that 
the non oriented fibers contribute partially to resisting 
load. 

Theoretically the strength cf the discontinuous 
fiber specimens (series 0) must be less than that of con- 
tinuous fiber reinforced specimens (series A) (34). In 
the case of the specimens tested in this thesis the length 
diameter ratio of the short random fibers is less than the 
critical value (as shown belo ) and thus the strength 
depends upon the shear bond strength. Assuming a nominal 
UTS of mortar to be 550 psi based on compression strength 
(36) then: 



cr c = 4Z i 30O(.o475) = 2010 p*; 



( 45 ) 




( 4 ?) 
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where the value of has been taken from (55) and where: 



> = 



13 .8 d_ 

( V ,) 5 



= .101 



( 10 ) 



This high would cause random fibers to be very difficult 
to work with and it would probably be more advantageous 
to use continuous mesh fibers. Clearly the for fiber 

reinforced mortar in this paper is much less than the 

Q 

critical r d : 



~ = 47 < 790 

o 

However, based on this the strength of the composite, 
if all fibers were oriented in the same direction /mould 
be on the order: 



a £ - 550(^525)^ e (1.02) 550 (h5).0475 (45) 

./o/ 

= ^20 P S i 

The experimental value is 721 psi. The actual strength 
of the mortar could vary from that assumed and thxis change 
this value. It is apparent that random orientation of 
the fibers has reduced the strength below that predicted 
for oriented fibers. Nielson and Chen (2 9 ) h^ve developed 
theoretical relations for the v .ri^tion of properties in 
fiber reinforced composites us: ng parallel and randomly 
oriented fibers. For the case discussed here these rel tious 
(based on the volume fraction o^ fibers (4.75) end the 
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ratio of the elastic modulus of the fiber and matrix 
material (30)) predict that: 



^random 



= .75 5 






parallel 



732 psi 



which is qiite close to the experimental value. 

The modulus of rupture in flexure follows the above 
trend. Plots of tensile and flexure results are s ho ’.ra- 
in figures 9 through 12. Examination of these results 
reveals that in all cases UTS is affected to a greater 
extent by the difference in reinforcement type while the 
yield stress decreases at a. lesser rate with the shift 
to discontinuous fiber reinforcement. 



2 . modulus of Elasticity 

The modulus of elasticity increases with discontinuous 
fiber reinforcement. This is borne out in the cylinder 
compression tests and tension tests. The result is more 
apparent in the direct tension test than in the flexure 
tension tests. Since the modulus is measured directly in 
the direct tension test this value is to be preferred 
over that of the flexure specimens. The reduced flexure 
data is very dependent on the location of the neutral axis 
which was approximated in the test results as h/2. 
could vary significantly depending on the location of any 
concentration of reinforceriKTit. Por this reason direct 
tension test results arc used exclusively as iunut to the 
finite element analysis. 
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Because the matrix does not deform plastically thw 
stages of stress strain behavior of the composite reduces 

to: 

1) elastic deformation of fiber and matrix 
2.' elastic deformation of fiber or pull out she~ r 
3) plastic deformation of fiber or pull out she- r 
?or continuous fiber reinforced composites the modulus 
for the first stage is given by: 

(46) 

E c Ef H~ E m Vr*\ 

and for the second and. third stages: 

(47) 

c = E f V i 

where Bf can be either the elastic or plastic modulus (for 
steel: E = 30 x 10^ , Ep = 10 x 10^). The above formulae 

predict rcodululi as follows (using a modulus of 3.2 x 10 ^ 
for the mortar) for uarallel and randomly oriented fibers 
(using the factor .795 from (22)): 

Stag e Be: Pa r allel Or iented Bp ; Rand oml y Oriented 

1 4.46 X 10$ psi 3.56 X 10^ psi 

2 1.425 X 10 6 1.14 X 10° 

3 .466 X 10 6 .355 X 10 6 

The modulus obtained in the tensile tests more closely 
agrees with stage 1. The modulus obtained in the flexure 
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test agrees with stage 2 , and the plastic modulus found 
in both tests essentially agree with stage 3. The stress 
strain behavior for both continuous and discontinuous fiber 
reinforced composite is the same if the discontinuous fibers 
are longer than the critical length ( 34 ). It ha 3 been 
established that the random fibers of series B and C are 
shorter than the critical length yet the elastic modulus 
determined experimentally follows the continuous fiber 
relationship. Buries C tests agree more. closely than the 
other series with the above values. It can be hypothesized 
that earlier microcracking and undetectable stress relief 
in the unrein forced portion of the series A matrix causes 
an earlier transfer of load onto the continuous fibers 
thus presenting a slope sonehwere between stage 1 and 
stage 2 which looks linear on the load deflection plot of 
test results. 

The plastic modulus remains fairly constant for all 
forms of reinforcement. The low value for series A and 3 

4 

flexure tests is probably due to a sudden shift in the 
neutral axis and change in moment of inertia when the 
reinforcement assumes the load. As stated earlier this 
would cause the flexure formula to yield inaccurate results. 

B. t>t eri-1 Pro per t ies 4.5._ to _ x, ,_ y AXia 

It was expected tlvt the pronerti cs of all specimens 

in the 45° direction to the x or y ; ::i s rauld be enVnccd 

with increased fibe'r content because of the r ndort orient- 
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ation of the fibers (22). Regarding the elastic modulus 
and UTS the 45° specimens (fig. 10, 12) follow the results 
of the x, y specimens. In the tensile specimens (fig. 10), 
increased random fiber content ana reduction of continuous 
reinforcement increases the elastic modulus and decreases 
the UTS, but the effect is less pronounced than in the 
x, y specimens. In the flexure specimens (fig. 12) the 
elastic modulus decreases then increases and the UTS decreases 
with increased random fiber content. The expected result 
does occur with the yield strength and the plastic modulus 
except that yield strength in the tensile specimens 
decreases slightly. 

0. Other Pro ne rtie-s 

1 . 3h g ar S tr engt h 

The shear strength obtained from the bending of a 
clamped bes.m is not a standard method of obtaining this 
quantity. However other tests such as the rotation between 
cylinder ends are not feasible when square mesh reinforcing 
is used. The failure mode of the clamped beam wrs definitely 
in shear, therefore the values obtained are used for 
purposes of the finite element analysis . These V'lues 
however should not be interpreted as accurate values of 
shear stress for the material in general. Figure 13 shoe's 
shear strength decreasing as discontinuous fiber content 
increases and continuous fiber content decrc-’scs . 
could be expected since the torsi] e yield stress w->s ''Iso 



60 



less for these specimens. Howevr, substantial plastic 
shear work is done after yield in the specimens reinforced 
with random discontinuous fibers. Once the yield point 
in shear is reached in the mesh reinforced specimens abrupt 
unloading occurs. With the random fiber reinforced 
specimens the unloading occurs gradually after a period 
of continued deformation at the yield shear load. This 
result is also shorn by cylinder compression tests. It is 
believed that this is the mechanism which c-uses the increased 
impact energy of the random fiber specimens (also plotted 
in figure 13) because the strain energy to be overcome 
by impulsive loading is greater. This strain energy was 
not measured since this was not the purpose of the paper. 

2 , Impact Energ y 

Figure 13 shows the increased impact energy per unit 
area for increased random discontinuous fiber content. 

These results were obtained in a standard Charpy test 
on a 260 ft-lb capacity I sod test machine. The potential 
energy and height of pendulum w is the same for all tests. 

An increase of 103/) in impact energy/unit area v/as obtained. 
All samples had the same steel content by weight and volume. 

As mentioned previously the increased strain energy noted 
in the shear and compressive cylinder tests accounts for 
the increased impact energy found in this test. 



61 



(SVu-i±J S i>VdWI S 




"isJ) SSiUJ.LS l!\3US 



MATERIAL S SEt\(ES c pic-uae 



D. Cyl i nd cr Com^rcssi on T'-w tr, (fig. 14) 



The cylinder compression tests show h narked increase 
in ultimate compression strength and modulus of elasticity 
with inclusion of fibers. An increase of 19.7m in the 
modulus of elasticity and an incraane of 24. 3 'h in the 
ultimate compression strength is obtained for inclusion 
of 4.75h (by volume) random fiber reinforcement. The 
mode of failure is quite different between the unreinforced 
cylinders and those containing random fibers (figure 22). 
V/hereas the unreinforced cylinders failed abruptly with 
immediate relaxation of the load, the finer reinforced 
cylinders after reaching the failure load maintained this 
load for an additional .004 strain (or .012" of deformation) 
before gradually relaxing the load under increased defor- 
mation. The failure mechanisms for the 4.75/ J fiber 
reinforced cylinders was the formation of an upset (bulge) 
around the middle. The 2.37m fiber reinforced cylinders 
failed partially by splitting and partially by upset. 

The fibers in the case of impact and compression are 
evidently not being subjected to shear along the bond 
interface as in the tension tests, but are being subjected 
to stresses normal to the fiber matrix interface. The 
fibers arc attempting to hold the matrix together in a 
direction normal to the fiber '’xis, e.g. they act to prevent 
the splitting action which is the. failure ro 1 c of the 



unreinforced mortar cylinders. 
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The secant modulus for the 4 .75'/' fiber reinforced 
specimens docs not agree exactly v;ith that found with the 
direct tension tests for the same material. This is to 
be expected because of the difference in the methods of 
obtaining the respective yield poi: ts. The important 
finding is that in both cases the modulus of elasticity 
is increased over that of the mortar (in tension by 17. 9.^ 
and in the compression by 19.7 ) by the inclusion of random 
fibers which have an 1/A far less than the theoretical 
critical required for enhancement of properties of 
the composite. 

These results also agree in principle with the theory 
of Romu.nl di regarding the mechanism for enhancing fracture 
toughness . 

E. Plat e Bending 

The failure mode of each plate series was local at 
the area of load application. The mesh reinforced speci- 
mens deformed in a mound much as a steel plate would deform. 
The random fiber plates deformed in a tent oh^pe along loc a l 
yield lines (fig. 21, 23). Rue to the form of loading some 
punching effect occured at the surface ’where the lo d vm.s 
applied. This manifested itself as a crushing of the mortar 
out to a .45" radius and to a mean d< nth of .059". 
crushing action commenced upon eonll cation of the lo' d. 
Relamination of the surface mort~r down to this death occured 



when ultimate plate bending’ was 
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reached win ch indie ter. 



that this portion of the plate did not contribute to the 
resistance of load during plate bending. Tyniccl failed 
specimens are shovrn in figure 23. 

Figure 15 shows the plot of load-deflection for each 
plate series normalized on the basi' of the cube of 
equivalent thickness ratio. This figure indicates that 
the random fiber reinforcement increases ultimate bending 
load and deflection. The combination of random fiber and 
continuous fiber reinforcement in equal proportions yields 
an even greater increase in bending ultimate strength and 
deflection as well as allowing for some resistance to 
membrane stress after ultimate bending failure (fig. 17). 

With the proper combination of random fibers and continuous 
mesh a design point can be reached which will yield the 
optimum in either ultimate bending strength or membrane 
effect after bending failure. 

The prediction of the membrane effect was not attempted 

in the finite element analysis. From figure 17 however, it 

is clearly a function of the amount of continuous fiber 

reinforcement in the material. The slope of the curves In the 

membrane region are: 

Series A = .2 = 1575 Ib/in 

1 5 r > 

Series 3 = .2 = 775 Ib/in 

This ia a 2:1 relation within experimental error. The amount 
of mesh reinforcement in the two scries is also in a 2:1 
porportion. Thus, for this type of loading condition, if an 
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entec\ poiwt *-10 deflection (in) .is fjgu P x 




fjrrrr\ poiwt .5 o£f Lcction 



specified membrane 



engineer v/ishe 
ultimate load 
Returning 
the first u-rt 
properties in 



s to design for a 
a direct relation is indicated, 
to figure 16, the properties detemined in 
are consistent with the results. Better 
the 45° direction and a higher modulus 



obtained with random fibers increases the area under the 
load deflection curve. The lower '’ield strength of 
series G (random fiber) is offset by these improvements . 
Series E sho ’S that an optimum combination of random fibers 
and continuous mesh that possesses higher ultimate bending 
load and strain energy than either the individual nesh or 
random fiber reinforced materials is possible. 

F. Fj ni t e I~l or c m t Anal v s 1 s 



Figures 13, 19 and 20 show the comparison of experimen- 
tal center point load- deflection to the output of the finite 
element orthotropic plate bending computer program developed 
by B. './hang (29). Appendix II contains the significant 
input and output data from the program. The thickness of 
the plates were reduced by the amount of .053" to account 
for the non- contributory plate thickness due to delamination 
of a protion of the surf ce mortar. This value of the 
thickness of the delaminated protion was determined using 
a depth micrometer. 

Agreement is very good between the predicted and 

experimental load deflection curve Cor scries . This 

indicates that it is fcisiblc to use this pro T r n with 
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input of experimental data to predict the behavior of 
ferro- cement plates well into the plastic ben din" region. 

The condition of loading in this case causes the additional 
variable of delaminntion of surface unreinforced mortar. 

It would be expected that under a in iform plate loading 
good results would also be obtained without the delanination 
problem. Agreement is fair for s^ric-s C and series A. i ’he 
program predictos .greater deflections for the mesh reinforced 
series (maximum error 19.3/j) and smaller deflections for 
the short random fiber reinforced series (maximum error -17.6m) 
from those obtained experimentally. This disparity could 
be- due to variation of the thickness of the delaminated 
portion of the plates between series, thus changing the value 
of the actual contributory nlute thickness. The value .053" 
represents an average over all the plates for the depth of 
crushing at the load point. The series A prediction indicates 
a tendency to agree closely with th experiment 0 ! date as 
it progresses up the lo°d deflection curve whereas the srrios 
C prediction diverges with increasing load. It would appear 
that the program would diverge from experimental results as 
ultimate plate bending load is approached. 

The finite clement analysis used here is very sensitive 
to the incremental increase in load for each iteration in 
the p] a stic range. Increment 1 lo'ds less th°n 20 lb at 
each element should he used in order to avoid divergence 
by the program. The program is can able of • ccentlng data 
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for any rectangular geometry and loading condition and 
provides for element thickness variation ana curvature. 

It has been recently modified by '•■'hang to accept layered 
material properties so that treatment of a conoosite 
using the individual material properties is new possible. 

The yield load and maximum load deflection curve 
predicted by homogeneous isotropic plate theory for the 
elastic range is computed for each series in Appendix III. 
These values are plotted in figures 13, 13 and 20 to show 
the variation from homogeneous isotropic plate theory of 
the finite element plot and the experimental results. 
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VI CONCLUoIOITS 



Based on the experimental results and their broad 
agreement with theoretical predictions the following 
conclusions regarding the engineering properties of 
ferro- cement may be made: 

a) Short random fibers with 1< 1c enchance compressive 
strength and modulus of elasticity of cement mortar. 

b) Replacement of continuous fiber reinforcement with 
short random fibers increases the elastic Dodulus 
but decreases the ultimate and yield tensile 
stresses of f erro-cement. 

c) Random fibers with 1 < 1c enhance the modulus of 
elasticity and yield stress in the axis 45° to 
the x, y axis in mesh reinforced mortar. 

d) Random fibers with 1 < 1c increase the plastic 
work of deformation in shear and compression tests. 

e) Impact energy/arca is greatly enhanced over that 

4 

of mesh reinforced mortar of the same steel con- 
tent by inclusion of short random fibers. 

Bending of f erro- cement plates for the particular 
loading condition used in this thesis my be closely pred- 
ict'' d by the finite clement analysis (level oued by •’•'hang 
for ortho tropic plates providing the correct properties of 
the particular type of fcrro-cemnt arc used. In general 
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the repine orient of continuous mesh reinforcement vrith 
short random fibers in ferro-cenent plates results in: 

a) Increased ultimate pirn 1 e bending load. 

b) Decreased ultim te plate membrane load. 

c) Ir crease in plastic vork done in deforming the 
plate. 

The slope of the membrane load, deflection curve for a 
ferro-cenent plate varies directly as the percent content 
by v; eight of continuous v;ire reinforcement for the part- 
icular loading situation considered in this thesis. 
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The following are-33 need further clarification: 

a) reformation of f erro-cemer t plates under 
uniform loading. 

b) The mechanism of fracture when continuous r.esh 
•is used as reinforcement since the measured 

modulus of elasticity did not agree v/ith that 
of theory. 

c) The mechanism of plate work in the deformation of 
random fiber reinforced mortar. 



/ 



0? 



VI II KKB :CKS 

1. Tuthill, L.H. "Concrete! Operations In The Concrete- 

Ship Pro cram" Proc. -Cl V. 41 ( 19 / 15 ) pp. 137-131 

2. V/atstei'n, D "Lffect of Straining Hate On The Compress- 

ive Strength a. Ll ns tic Properties of Concrete" 

Proc. ACI V . 49 ( 1953 ) pp. 729-744 

3. Lringen, A.C. "Transverse Impact On Boons * Plates" 

J. Appl. Hech. V.20 (1953) PP. 461 

4. Irv/in, G.R. "Analysis of Stresses & Strains Hear The 

Pnd of A Crack Transversing A Plate" J.Appl. I. cch. 

V. 24 (1957) pp. 361 

5. Greaves, Pi. J. Mavis, F.T. "Inelastic Behavior of 

Impulsively Loaded Beans" Proc. ASCK Stru. Biv. 
Journal V. 83 ST 3 May 1957 pp. 1232 

6 . Collen, L.D.G. Kirvn.n, H . .7. "Some Hot os On The Charact- 

eristics of Ferro-Ccmrnt " Civil. Lng. & Public 
Works Revio"/ Feb. 1959 pp. 195-196 

7. Cox, A.D. Mori ud, L.W. "Dynamic Plastic Deforr.-tion 

Of Simply Supported Square Plates" . Mcch. Phys. Solids 
V .7 1959 pp. 229-241 

8 . Collen. L.D.G. "Some experiments in Design -nd Con- 

struction ./ith Perro-Cen^n t" The Institution of Civil 

L'ngi nee ring of Ir^l-nd, paper presented at 4 Jon. I960 

/ 

general meeting. 



33 



9. Ronusldi, J.P. Batson, G. B. "Mechanics of Cr ick Arrest 

In Concrete" Proc. AS CP V. 99 PL 3 June 1963 
pp. 147-168 

10. Romualdi , J.P. B.ntscn , G. B. "The Behavior of Reinforced 

Corerete Beans Jith Closc-ly Spaced Rei nforcer.ent " 

ACI Journal PROC V. 60 r?6 June 1963 op. 775-739 

11. Ronualdi , J.P. Kandel, J.A. "Tensile Strength Of Con- 

crete Affected By Uniformly Distributed A Closely 
Spaced Short Lengths Of •lire Reinforcement " -ACI 
Journal V. 61 Jo June 1964 pp. 657-672 

12. Green, H. "Impact Strength Of Concrete" Proc. She 

Institute of Civil L'ng . (London) V. 23 June 1964 
pp. 383 

13. Na.v/y, E.Cr. "Flexural Cracking In Tv/o-Jny Concrete 

Slabs Reinforced .7ith High Strength Added -/ire 
Fabric" PCI Proc. V. 61 Aug. 1964 pp. 997-1003 

14. Williamson, G.R, "Fibrous Reinforcement For Portland 

Cement Concrete" Tech. Rept. #2-40 Lay 1965 U.3. 
nrmy Png, Div, Gorp of Png. Ohio River Div. Lab. 

15. Bajan, R.L, Jr. "Strength of Fiber Reinforced Concrete 

V/ith Aggregate" CP L3 Thesis Clarkson College of Tech. 
June 1955 

16. Jacobsen, A. " embrace Flexural Failure Lodes Of 

Sen." re Haro zontd 1 y Rcsfr inc d a/C Slabs' 1 * IT Cm 

f 

ScD Thesis 1965 

17. KoPU-ldi , J.P. R-moy, L.R. "j-ffect Of impulsive Lo ds 

0 /| 



On Fiber Reinforced Concrete Beans" Fin 1 Report 
bent, of C.E. Cnrnegi e Inst, of lech. Pittsburg 
Oct. 1965 ( -cccss Rr. AD 650-345) 

18. Romualdi, J.P. Ramey, M.R. Sr.nday, 3.C. "Prevention 

.aid Control Of Cracking 3y Jse Of Short Random Fibeis" 
ACI Publication SP-20 Paper ---10 

19. Williamson, G,R. "Response Of Fibrous-Reinforced Concrete 

To Explosive Loading" Tech. Rent. #2-43 Jan. 1966 
U.S. Army Eng. Div. Corps of Eng. Ohio River Div. 

Lab. 



20 . Goldsmith, '•>. Polivka, M. Yang, T. "Dynamic Behavior 
Of Concrete" Experimental Mechanics V. 6 -72 1966 
pp. 65 



21 . 



22 . 



25. 



24. 



25 . 



Bailey, L.E. "Fatigue Strength Of Steel Fiber Reinforced 
Concrete" 02 AS Thesis Clarkson College of Tech. Oct . 1966 
Nielsen, L.E. Chen, P.K "Young’s I odulus Of Composites 
Filled With Randomly Oriented Fibers" Journal of 
Materials V .5 ,/2 June 1963 pp. 552-353 
Goldsmith, >7. Keener, V.H. Ricketts, T.E. "Dynamic 

Loading Of Several Concrete-Like Fixtures" .302 Proc. 
Struct. Div. V. 94 3T7 July 1963 pp. 1903-1327 
Mo? vcnz M d oh , F. Kuguel , R-. Kent, L. B. "Pr *cture of Con- 
crete" Dopt. of CL. 'IT lent. ..-R60-3 March I960 
oust, T. W. "Ferro- Oer.-ni Wo - Fishin^ 

Vessel Construction Material " Con J*. on Fj skin 



Kelly, A.M 



35 



Vessel Construction I.'?. tori -.Is Oct, 1-5 1963 
Kontr^nl Canada. Federal Provcncial Atlantic 
Fishing 

26. Collins, J. ?. "Tensile Strength Of Mesh Reinforced 

Mortar" Unpublished fern Report May 7, 1968 
CS Beat. HIT 

27. McKenny, J.L. "Tensile Strength Of Steel Fiber 

Reinforced Concrete" CE M3 Thesis, Clarkson College 
of Technology Lay 3964 

28. Collins, J.F. Oilman, J.S. "Ferro-Cenent For Marine 

Applications -An Engineering Evaluation" Paper 
presented before the Mar. 7 1969 nceting of the 
Hen England Section of SEALE 

29. Vang, B. "El^sto-Pl’ stic Analysis Of Orthotropic 

Plates And Shells" Research Report R-68-33 CE Dept. 
MET 

30. Griffith, A. A. "Theory Of Rupture" Proc. 1st. Inter- 

national Cong, for Applied Lechnnics op. 55-63 1924 

31. Jayne, B. A. Suddarth, S.K. "Matrix-Tensor Mathematics 

In Orthotronic Elasticity" Ori -nt tion Effects In 
The Mechanical Behavior Of Viisotronic Stru tural 
Materials A3TM SIC 1 AQ5 1966 pp. 39 
3?. Tinoshrnko, S. Theory Of PlutcS-__Anfl_BhclJjl I c'<r ■ r 
195 ^ 

33. Huber, M.T. Muin ^ -r d or Sr- ti.k Tec’' icon chi i grr 



36 



Ortho '.rot) rr Pi' t ten Uarszava 1929 



34. KelDy, A, Davies, O.J. "The Principles Of The Tiber 

Reinforcement Of Metals" I let nllurgi c °1 Revicvs 
1965 V. 10 Ho. 57 

35. Alexander, K. I/;. "The Mechanism Of Shear Failure At 

The Steel-Cement And Abrogate- Cement Interface" 
International Conference on Structure, Solid Mech- 
anics and Engineering Design In Civil Engineering 
Materials, University of Southampton 21-25 spril 



1969 

36. Troxell & Davis Composition And Pronertl • / - s Of Concrete 
Kclravz-Hill 1956 



87 



A PPhNDIX I A, 



i’Jxmori'n-'n t,-Q K r s ] i. l f, s : A ~ 3 p r i r s 



(42 nil steel n^sh reinforced norter) 



Tensile Tests 
x, y Direction 
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Shear Tests 
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Impact Energy/,. rea = 90.5 ft-lb/in- 

Cuhe Compressive Tests (IJr reinforced mortar) 

Specimen ^2 psi 

A-l 8370 

A- 2 3630 

A-3 3320 

average 3623 



Plate Bending Tests (Thickness = .436) 
Deflection Surface at Ultimate Bending Load 
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Center Point Deflection Vs. Loud 
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Note: 

a) All units in inches, nounds and psi except ".’here noted. 

b) Values of E and 0 are X 10'6. 
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A r 'P LODIX IB 



Exu^i rental Hcsnlts: B-3erj ep ( Combination 42 mil st^cl mesh and 
17 mil steel fiber reinforced specimens) 
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1.03 


7 6 70 


.132 


B -8 


.20 


.53 


13 


_._205__ 


..0125 


.11.5 


1340 


1.13 


5670 


..253 










Averag 


e 




1460. 


_1 *22.. 


.Ai00<l_ 


.193 


















x 10 > 


x 


10u 



450 


to X . 


v IK 


recti on 
















B-l 


.9 


.53 


75 


107 


.0175 


.0725 


1450 


11 


2060 


.12;" 


B -2 


.93 


.53 


75 


135 


.0125 


.05 


13°5 


1.165 


2300 


11? 


B -3 


0 
• , * 


. 53 


75 


130 


.01 


.035 


14 50 


1.59 


2500 


. 16 ? 


B -4 


.94 


.51 


60 


1 15. 


Q125„ 


, e/17 5 


• l 730 


_ 9 .09 _ 


0 goo 


.51 










A vc i’; 


age 




115 1 




?M0 


.. 26 ? 



x 10" x 10 u 



01 



Shear Tests 



Spccv' 


b 


h .. 


_.Py 






B-l 


.95 


• 55 


990 


895 




B-2 


1.0 


.5 


1100 


1100 




B-3 


.95 


.55 


1000 


960 




B-4 


.96 


.52 


810 


312 




B-5 


.95 


.5 


1250 


1316 




B-6 


.95 


. 5 


1100 


11.60 






Av c re 


hie 




1040 




Charpy 


Impact 


Tests 








Snecirnen b 


h . - - 


I (ft 


mlhi 


A 


B-l 


.59 


.96 


74 




. 566 


B-2 


.58 


.93 


69 




.567 


B-3 


. 58 


1.01 


64 




.536 


B-A 


.53 


1.0 


44 




.53 


B-5 


.55 


.94 


49 




.513 


B-6 


.54 


.93 


46 




.502 


B-7 


.53 


1.0 


53 




.53 


B-3 


.59 


.93 


72 




.51 




Average 


53.9 




.533 



Impact Energy/ Area = 109.5 ft-lb/in- 



Cube Compressive Tests (Unreinforced Mortar) 

Specim e n ^ n s_i 
B-l 8500 

B-2 7000 

B-3 85 00 

Average 3000 

Plate Bending Tests (Thickness ° .53") 
Deflection Surface at Ultimate Bending Load 



Station 



Sveci r^pn 


l 


9 


3. __ 


1 .. 


. 5.. 


B-l 


.123 


.09 


.06 


.03 


.01 


B-2 


.037 


.07 


.05 


.0325 


.015 


B-3 


.0385 


.035 


.07 


.0525 


.095 


B-4 


.1105 


.085 


.065 


.025 


.015 


B-5 


.195 


. 07 3 


.055 


.04 


.01 


B-6 


.134 


.07 


.96 


.05 


.025 


B-7 


.157 


.09 


.06 


.04 


.03 


B-3 


.131 


.03 


.06 


.035 


.01 


B-9 


.095 


.07 


.05 


.025 


.0/ 


B~10 


.104 


.06 


.04 


.035 


.02 


B-ll 


.032 


.955 


.04 


.03 


.01 


B-l 2 


.103 


.035 


.06 


.0/1 


.02 


B-l 3 


_ .035. . 


. .06. . 


..045 . 


. .9-1 


.01 . 


Average 


.11 


. 07 5 


.055 


.040? 


.01 6 



O 9 



Center Point Reflection Vs. Load 



Soec 


Load 

100 


150 


200 


B-l 


.005 


.007 


.009 


B-2 


.004 


.008 


.01 


B-3 


.005 


.003 


.009 


B-4 


.005 


.007 


.009 


B-5 


.005 


.003 


.012 


B-6 


.005 


.007 


.01 


B-7 


.006 


.009 


.012 


B-3 


.006 


.01 


.014 


B-9 


.0055 


.003 


.011 


B-10 


.006 


.01 


.016 


B-ll 


.005 


.003 


.012 


B-12 


.006 


.003 


.012 


B-l 3 


.005 


.003 


JLU 


Aver. 


.00522 


.00315 


.0113 



30Q 


400 


500 


600 


316 


015 


.025 


.036 


.064 


.123 


015 


.025 


.034 


.049 


.037 


0135 


.0235 


.0295 


.0465 


.0335 


0125 


.0135 


.0225 


. 0305 


.1105 


016 


.027 


.035 


.061 


.125 


013 


.019 


.023 


.034 


.134 


016 


.029 


.037 


.069 


.157 


019 


.033 


.044 


.071 


.131 


016 


.03 


.035 


.049 


.095 


02 


.023 


.036 


.050 


.104 


016 


.023 


.029 


.048 


.032 


016 


.024 


.032 


.054 


.103 


015 


.021 


.025 


. "55 


.QR5 


0156 


.0251 


.0322 


.0507 


.11 



Load 



Snec 


1000 


1150 


B-l 


.594 


.394 


B-2 


.471 


.711 


B-3 


.494 


.636 


B-4 


.387 


.601 


B-5 


.303 


.303 


B-6 


.542 


.393 


B-7 


.602 


.762 


B-3 


.79 


.91 


B-9 


.51 


.614 


B— 10 


.59 


.33 


B-ll 


. 513 


.652 


B-12 


.512 


.692 


B-l 3 


.291 ... 


. 232 . 


Aver. 


.55 


.737 



O' 



A°?riTD IX 10 



lxp.cr±Qent aI _R esnl t.s ; C-3erl os (16 mil sto-l fiber reinforced 
specimens) 

Tensile Tests 
All Directions 



Spe c b h P y C ££_ L <2, £n 



G-l 


.44 


.95 


2^5 


■tJA- 

300 


.00014 


.00042 


536 


4.13 


713 


.47 


G-2 


.43 


.93 


190 


247 


.00012 


.0006 


475 


3.95 


613 


.293 


C-3 


.43 


.95 


235 


295 


.00015 


.00106 


575 


3.83 


722 


.162 


C-4 


.42 


.94 


210 


295 


.00016 


.00040 


533 


3.32 


746 


.39 


C-5 


.44 


.94 


260 


300 


.00016 


.00036 


629 


3.93 


725 


.43 


C-6 


.13 


.95 


200 


335 


.00016 


.00136 


491 


3.07 


942 


.375 


G-7 


.A3 


.90 


160 215 


.00010 


.0094 


AT 4 


A . 1 A. 


556 


. A7 1 










Avera 


•ge 




530 


3.77 


721 


.449 



Flexure tests 
Spec b _h 


P., 


.Pi, . 






93 


E 




r . 

. ... — 


G-l 


.37 


.49 


32 


155 


.015 


.047 


1910 


1.645 


3620 


. 635 


C-2 


.9 


.45 


50 


75 


.0125 


.03 


1335 


1.335 


2000 


.492 


C-3 


.92 


.54 


30 


113 


.0135 


.027 


1450 


1.16 


2050 


.48 


C-4... . 


.95_ 


.48 . 


_ZQ_. 




.0125 


.023. 


1 560 


2L.-52 


°340 


JL61- 



Average 



1560 3.43 251Q .5Q A 

x 10^ x 10 6 



Shear Tests 



3 73 0 ci. p on b 


b 


P.r 


^ 


c-i 


.56 


.39 


820 


824 


C-2 


.5 


.91 


750 


324 


C-3 


.49 


.94 


730 


792 


C-4 


.56 


.95 


330 . 


2232 




Average 




805 



91 



Charpy inpact Tests 







I 


A 




(ft-l b). 




C-l 


.53 .91 


30 


. 432 


C-2 


.56 1.0 


82 


.56 


0-3 


.53 1.0 


114 


.53 


C-4 


.47 1.0 


98 


.47 


C-5 


. 44 1 . 0 


93 


.44 


C-6 


.47 .97 


90 


.455 


0-7. 


A1 ...31 . 


84 _ 


.403,. 




Average 


92.5 


.478 


Impact 


Lncrga/Area - 


193 ft- 


lb/in2 


Cube Co 


mpressive Tests (Unreinforced I.'ortar) 



Sneciw^n 


Cf C ( OST ) 


C-l 


3250 


C-2 


9325 


C-3 


6000 


Average 


7920 



Plato Bending Tests (Thickness ** .513) 
Deflection Surface at Ultimate Bending Load 

Station 



Specimen 


1 


2_ 


. . 3 


4 


. 3 . 


C-l 


.034 


.07 


.06 


.05 


.03 


C-2 


.095 


.09 


.03 


.06 


.03 


C-3 


.095 


.07 


.04 


.03 


.01 


C-4 


.105 


.07 


.05 


.03 


.02 


C-5 


.1 


.0 7 


.06 


.03 


.01 


C-6 


.094 


.06 


.05' 


.03 


.015 


C-7 


.093 


.07 


.05 


.04 


.01 


C-8 


.112 


.06 


.05 


.035 


.03 


C-9 


.11 


.075 


.045 


.03 


.025 


c-io 


.12 


.11 


.03 


.045 


.03 


C-ll 


.123 


.075 


.05 


.04 


.03 


C-l 2 


.12 


.07 


33 


£0 


.. 0 ?_... 


Average 


.1,05 


.0741 


.0562 


.0375 


.0216 



Center Point Deflection vs. Loe.d 



Loe.cT 



Spec 


100 


1 30 


200 


300 


490 


600 


730 


C-l 


.004 


.003 


.01 


.013 


.03 


.048 


.084 


C ~2 


.006 


.01 


.014 


.022 


.034 


.056 


.096 


0-3 


.005 


.003 


.01 


.016 


.025 


.041 


.095 


C -4 


.005 


.009 


.013 


.019 


.029 


.047 


.105 


C -5 


.006 


.008 


.012 


.013 


.032 


.054 


.1 


0-6 


.006 


.01 


.014 


.02 


.032 


.05 


.094 


0-1 


.006 


.008 


.011 


.017 


.023 


.054 


.093 


C -3 


.005 


.01 


.013 


.022 


.036 


.056 


.112 


C -9 


.003 


.012 


.013 


.028 


.041 


.07 


.11 


C -10 


.003 


.012 


.016 


.028 


- 


- 


.12 


C-ll 


.003 


.011 


.015 


.024 


.04 


.066 


.128 


0-12 


.006 


.01 


.012 


.02 


.036 


.072 


.12 


Av. 


.00603 


.00965 


.01313 


.021 


.0330 


.0567 


.105 
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Cylinder Test Date (2" 
steel fibers) 



x 4" ITortar Reinforced .'ith 3/4" 16 mil 



I-Series (Unreinforced I'ortar) Area = 3.14 in. 2 
Load 



Snecimen 


5000 


10000 


15000 


20000 


Pailn re Lo-d 


1 

2 




.0035 

.0042 


.006 

.0075 


.0085 

.015 


23,250 

20,650 


3 


.0025 


.005 


.008 


.014 


20,000 


4 


.0021 


. 0048 


.003 


.012 


21,000 


5 


.002 


.006 


.007 


.013 


19,250 


6 


.0018 


.004 


.007 


. Oil 


21,000 


7 


.002 


.0033 


.006 


.009 


26,600 


8 


.002 


.0039 


.006 


.0095 


21,600 


9 


.0013 


.004 


.007 


.01 


23,300 


10 


..Q013 


..0038 


.0062 


.0023 


2 A . 400 


Avera.ge 6 


. 002 


.0043 


.00637 


.0113 


22', 105 



Lever factor S = -$■ Lef. reading ^ = 7060 

6 = — — = A. 

z c -. l . c 



Average stress strain curv e L„ 

Stress" 150 0"' 319.0 47.30 637.0 

Strain .000333 .000716 .001145 .00197 



.002 Offset Secant Elastic Modulus 
E - 3.2 x 10 6 



\ 



97 



I I -Seri 



( 1 1 € j. n fore cm. ent 4.75 m f i 5 e r 



5y 



volume) Area - 5.14 in, 



failure 



Specimen 


.5000 „ 


JLQQDJL 


15000 


20000 


25000 


I,o - d 


1 


.002 


.0055 


.007 


.01 


.019 


29500 


2 


.0017 


.004 


.006 


.01 


.025 - 


25400 


5 


.0015 


.005 


.005 


.003 


.015 


27250 


4 


.0015 


.005 


.006 


.01 


.017 


29500 


5 


.00x5 


.005 


.005 


.0075 


.0105 


27600 


6 


.0019 


.004 


.0065 


.010 


.015 


23600 


7 


.0015 


.0025 


.0044 


.0065 


.011 


27400 


8 


.0015 


.0057 


.0065 


.00105 


.015 


29200 


9 


.0015 


.0054 


.006 


.010 


.018 


27100 


10 


.002 


.004 


.0065 


.0090 


.015 


26200 


11 


.0016 


.^05 


.0053 


.008 


.013 


27100 


12 


.0017 


.0052 


.006 


.009 


.014 


27000 


15 


.0015 


.005 


.0053 


.0036 


.013 


27000 


14 


.0018 


.0054 


.0058 


.003 


.014 


27500 


15 . _ 


.000 


,_004 


.006 


.009 


.01 5 


2710.9 


were “p 8T 


.0.015.5... 


.00338 


.00532 


.00381 


.0153 


27 300 




•000075 


. 0^0564 


.00007 


.001835 


. 003 3 3 




Stress 


1590 


3190 


4730 


6370 


7970 


9c - 8775 


Secant ela 


Stic modulus to .002 


offset 








Fj - 5.85 x 


10 6 












Ill-Series 


(Reinforcement 2,57/3 by volume) Area « 5.14 in. 




Load 










failure 


Specimen 


5000 


10000 


15000 


20000 


25000 


Lo°d 


1 


.005 


.0058 


.0032 


.0112 


.014 


25500 


2 


.002 


.004 


.007 


.01 


.014 


29000 


5 


.005 


.0049 


.0075 


.01 


.015 


29000 


4 


.0021 


.004 


.0067 


.0094 


.014 


26500 


5 


.0025 


.0039 . 


.0065 


.009 


.016 


25400 


6 


.0023 


.0051 


.008 


.01 


.013 


25000 


7 


.005 


.0055 


.009 


.012 


- 


22400 


8 


.0025 


.0054 


.0036 


.0125 


.018 


26000 


9 


.0052 


.0056 


.0079 


.011 


- 


24500 


10 


.0022 


.0045 


.0073 


.011 


- 


24000 


11 


.0023 


.0052 


.009 


.012 


.017 


25600 


12 


.004 


.0072 


.01 


.013 


- 


23200 


15 


.005 


.005 


.003 


.01 


.0149 


27050 


14 


.002 


.0042 


.0065 


.0095 


- 


24900 


15 


,HQ5 


_ .3055 





.Oil 


— 


28000 


;iv- r° r.c <5 


,10272 


.0 15.0.5 


, ...1079 


. .OKV/l 


.Q151— 


258 IQ 


v 


,000454 


. 000 141 


-.9.9131 


5 ,ooj /o 


. 803-99. 




Stress 


1590 


3190 


4780 


6870 


7970 


C r - 30 '9 



'.55 



in c 



on 



A Px J > I'f.OXX J.I 



Finite Llenent Analysis: Sj.gnifica 


nt Input - Out 


-put 


Plate Series A 






Out nut 


Innut _ . 




Center Point 


E x = 2.91 x 10 ^ 


Dp-n ee ti on 


Ey = 2.91 x 10 ^ (Plastic 


Lir.it) 76.5 


.00514 


G = 1.212 x 10'5 


91.92 


.0066047 


v s .2 


107 . 24 


.00733 


Epx -- .520 x 10 ° 


122.56 


.009235 


Ppy - .520 x 106 


137.33 


.010349 


Ep45 = .276 x 106 


153.2 


.011943 


Gp = 0 


168.52 


.013068 


crzu = .350 kips 


133 . 84 


.014839 


= .330 kins 


199.16 


.016225 


cess =- . 593 kips 


214.48 


.017733 


= 1.093 kips 


229.8 


.019353 


Thickness = .428 in. 


245.12 


.020726 


Increnental Load = Plastic Li it 


260.44 


.021899 


Load 


275.76 


.023727 


5 


291.08 


.025133 




306.4 


.0263 



Plate Series B 

Input. . 

Px - 3.5 x 106 


Out nut 

Center Point 
Load (lb) _ _Bcfl_ec±S-nn 


ly = 3.5 x 10 ° 


91.36 


.00379 


G = 1.456 x 106 


109.63 


.004736 


^ » .2 


127.9 


.005563 


Epx = • 501 x IO 9 


346.17 


.0065953 


Eby = .501 x 10 


164.4^ 


.0076912 


Pp 45 = .470 x 10° 


182.71 


.003783 


Gp = 0 


200.93 


.009322 


o 0 A - .603 kips 


219.25 


.010979 


ctclj - .603 kins 


237.52 


.012094 


n .594 kips 


255.73 


.01326 


2 -c - 1.040 kins 


274.06 


.014333 


Thickn* ss = .472 in. 


292.33 


.015556 


Increnental Lo°d ~ elastic Ljnit 


310.60 


.016671 


L 

0 

P 

1 

i 


323.37 


.03.7364 


5 


347.14 


. 0? 3094 




365.41 


.020085 
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Plate Series 0 



J-npjiiL 



I-or =■ 



= 3.7' 



x 



105 



Ou tpu t 

Center Point 



0 = 1.57 X 10 6 




Load (Vfc) 


.. Deflection 


^ox = Dpy - ~n45 = *449 


x 10° 


76.48 


.003237 


= ot-j - cr ciS - = .530 


kips 


91 . 68 


.004097 


?-c. = .805 kins 




106.88 


.004956 


t = .455 




122.03 


.005366 


v = .2 




137.28 


.006803 


C-p = 0. 




152.48 


.00779 


Incremental = Elastic 


Limit 


167.68 


.00332 


Load Lo 


id 


182.33 


.009706 


5 




193.08 


.01002 






213.23 


.011513 






2?3.43 


.01246 






243.68 


.01342 






253.33 


.01434 






274.08 


.01533 






239.23 


.01627 






304.43 


.01714 



.(.i n i 



3 00 



A-P rJiJ.PI X I II 



Classical 


Homogeneous Plate 


3endinr; Theory Prediction 


A Series 
L' - 


2.91 x 10 6 


c ~ .45 


= 


.330 kins 


c = a/2 


h = 


.423 in. 


oi= .1265 1 


u = 


.2 


f from (32) 

% = -. 565 J 



Combining equation (22) ~nd (13) sives the yield load: 



p y = 



6 

KM'-r 



^ (M-^) Xo J 



2cL Stti VS 
_ 3_ 

T r e 






4-i r 



= 77.2 lb 

?rorn equation (16) the maximum deflection occurs at the plate 



center and is: 



V/, 



max 



E U 3 



= .0043" 



B Series. 
E = 


3.5 x 10 6 


. - / vz " 

e — * L tj 


°5 = 


.603 kips 


c - a/2 


h = 


.472" 


= .1265 


V - 


.2 


= -.655 
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P y “ 

2.15 (4.19) -.045 

W Y “ 149 ,Jj_llQQl 1 JLZ&51 
J 3.5 x 10° (.105) 

C o eric s 

35 = 3.77 v iq 6 
^ = . 530 kips 

h = .455" 

V = .2 

Py “ 5.3.0 ; 

2.31 (4.18) -.045 

'3 y = L5.5l.Sl00j(,J265l « 

3.77 x 108 (.0942) 



1 02 



= 68.1 fk 
= .*0235 



e - .45" 
c = a/2 
** = .1265 
X, " -.585 

55 lb. 
. 00196 " 



